This study conducted an in-depth analysis of the potato (Solanum tuberosum L.) transcriptome in response to abiotic (salinity, drought, and heat) and biotic (Phytophthora infestans, DL-bamino-n-butyric acid, and acibenzolar-s-methyl) stresses and plant hormone treatment (abscisic acid, 6-benzylaminopurine, gibberellic acid, and indole-3-acetic acid) using ribonucleic acid sequencing (RNA-seq) of the doubled monoploid S. tuberosum Group Phureja DM1-3 516 R44 clone. Extensive changes in gene expression were observed with 37% of the expressed genes being differentially expressed in at least one comparison of stress to control tissue. Stress-inducible genes known to function in stress tolerance or to be involved in the regulation of gene expression were among the highest differentially expressed. Members of the MYB, APETALA2 (AP2)/ethylene-responsive element binding factor (ERF), and NAM, ATAF1/2, and CUC2 (NAC) transcription factor families were the most represented regulatory genes. A weighted gene co-expression network analysis yielded 37 co-expression modules containing 9198 genes. Fifty percent of the genes within these co-expression modules were specific to a stress condition indicating conditionspecific responses. Cross-species comparison between potato and Arabidopsis thaliana (L.) Heynh. uncovered differentially expressed orthologs and defined evolutionary conserved genes. Collectively, the transcriptional profiling of RNA-seq data presented here provide a valuable reference for potato stress responses to environmental factors that is supported by statistically significant differences in expression changes, highly interconnected genes in co-expression networks, and evidence of evolutionary conservation.
stresses (Rensink et al., 2005b) . Major changes in potato leaves exposed to salinity have been reported to occur in the photosystem apparatus and Calvin cycle with the repression of genes encoding photosystem I and II components and chlorophyll biosynthesis (Legay et al., 2009) .
A few studies have examined global gene expression in potato in response to environmental stresses (Flinn et al., 2005; Ginzberg et al., 2009; Rensink et al., 2005a Rensink et al., , 2005b . Rensink et al. (2005a) generated 20,756 expressed sequence tags (ESTs) from a complementary DNA (cDNA) library constructed by pooling messenger ribonucleic acid (mRNA) from heat-, cold-, salt-, and drought-stressed potato leaves and roots. This collection contained 5240 unique sequences with 3344 contigs and 1896 singleton ESTs. The study revealed 1476 sequences unique to abiotic stressed potato leaf and root tissue. In a subsequent study (Rensink et al., 2005a) , a cDNA microarray representing approximately 12,000 cDNA clones was used to estimate the expression of seedlings grown under cold, heat, or salt stress. This study revealed that potato genes involved in stress responses were similar to those detected in other plant species, such as late-embryogenesis abundant proteins, heat shock proteins, and transcription factors. Ginzberg et al. (2009) performed transcriptome profiling to identify genes involved in heat-stress responses in the potato periderm. Results showed upregulated genes encoding heat shock proteins, transcription factors, and genes related to cell proliferation and differentiation. In response to biotic stress, Flinn et al. (2005) generated over 66,600 ESTs to identify genes associated with response of potato to specific pathogens such as Streptomyces scabiei (causal agent of common scab) and Phytophthora infestans (causal agent of late blight). Genes encoding hydroxyproline-rich glycoprotein, WRKYtype, DNA binding protein, glutathione S-transferase, cytochrome P450, and yippee-like proteins were among the transcripts identified, primarily from late blight-challenged tuber libraries.
The Potato Genome Sequencing Consortium generated transcriptome sequence data from two potato genotypes, the doubled monoploid S. tuberosum Group Phureja DM1-3 516 R44 (DM) and the heterozygous diploid breeding line, S. tuberosum Group Tuberosum RH89-039-16 (RH). A total of 31.5 GB of RNAsequencing (RNA-seq) data is available from 32 DM and 16 RH libraries representing major tissue types, developmental stages, and responses to abiotic and biotic stresses (Potato Genome Sequencing Consortium, 2011) . Those transcriptome data supported gene annotation for the potato genome sequencing project and provided a reference resource for the potato transcriptome. A subsequent study of the 32 DM ribonucleic acid (RNA) libraries shed light on tissue-specific expression patterns and defined transcriptional networks of major potato organs and developmental stages (Massa et al., 2011) . Here, we explored in depth the transcriptome of potato in response to abiotic and biotic factors and plant hormones using RNA-seq data from DM. We extended our previous analyses on potato stress response expression profiles (Massa et al., 2011) by expanding our studies to include changes in gene expression, co-expression patterns, and comparative analysis of gene expression in potato and Arabidopsis thaliana following abiotic and biotic stress.
Materials and Methods
Transcriptome analyses were based on the RNA-seq sequence information generated by the Potato Genome Sequencing Consortium (Potato Genome Sequencing Consortium, 2011). The raw RNA-seq data is deposited at the National Center for Biotechnology Information Sequence Read Archive under submission number SRA030516 (see Supplemental Table  S1 for accession number information). Here, we used the expression data from the 13 DM libraries covering abiotic and biotic stress treatments. Experimental conditions were fully described previously (Potato Genome Sequencing Consortium, 2011). Briefly, detached leaf assays (pooled samples at 24, 48, and 72 h) with P. infestans inoculum and two chemical elicitors (acibenzolar-s-methyl [BTH] , 100 μg mL -1 , and DL-β-amino-n-butyric acid [BABA] , 2 mg mL -1 ) were performed to induce biotic stress. Abiotic stress conditions (24-h treatment of in vitro grown whole plants) consisted of heat (35°C), salt (150 mM NaCl), and mannitol (260 mM) treatment. Hormone stress responses of in vitro grown whole plants were abscisic acid (ABA) (50 mM), indole-3-acetid acid (IAA) (10 mM), gibberellic acid (GA 3 ) (50 mM), and 6-benzylaminopurine (BAP) (10 mM). Control plants were grown in parallel with each stress or hormone treatment (Supplemental Table S1 ; Potato Genome Sequencing Consortium, 2011). For abiotic stress with salt and mannitol, control plants were grown in vitro in Medium B. For biotic stress treatments with P. infestans, BABA, and BTH, mock inoculations were performed with sterile water. For hormone treatment with ABA, BAP, GA3, and IAA, control plants were grown in vitro in Medium C.
Differential gene expression was computed with the Cuffdiff program of Cufflinks package (Trapnell et al. 2010) . Cuffdiff was run with the default settings of a minimum of 500 fragment alignments and a false discovery rate (FDR) <0.05. The heatmap of differential expression was generated with the levelplot function of the lattice package in R (R Development Core Team, 2008) . Proportional-area Venn diagrams were drawn using BioVenn software (Hulsen et al., 2008) .
The weighted correlation network analysis was performed using the Weighted Gene Coexpression Network Analysis (WGCNA) R-package (Langfelder and Horvath, 2008) . Expression values for the remaining genes were then log 2 transformed before performing the WGCNA analysis. Genes with fragments per kilobase pair of exon model per million fragments mapped (FPKM) values less than 1 were transformed to zero. The coefficient of variation (CV = standard deviation/mean) was calculated for all genes and was used to reduce the number of genes and, therefore, the complexity of the analysis. Genes with CV values less than 0.8 for the abiotic and biotic stress samples and 0.6 for the hormonal samples were excluded from the WGCNA analyses. For module identification, the WGCNA parameters β and "treecut" were chosen separately for each data set: abiotic (12 and 0.6), hormonal (29 and 0.5), and biotic (20 and 0.6), respectively. Beta values were identified using the pickSoftThreshold function from the WGCNA package. Treecut values were chosen based on the number and quality of modules identified. Module quality was determined by examining normalized Z-score plots for each module (Supplemental Fig. S1 , S2, and S3). Default values were used for all other parameters. Eigengenes were calculated for each gene co-expression module to summarize the expression profile for each module. A module eigengene, defined as the first principal component of principal component analysis of the normalized expression values of all genes in a module, serves as a measure of centrality of normalized gene expression for all of the genes within a module (Langfelder and Horvath, 2007) .
Orthologs between potato and A. thaliana were identified using OrthoMCL version 1.4 (Chen et al., 2007; Li et al., 2003) with the default parameter of basic local alignment search tool protein (BLASTP) E-value cutoff of 1 × 10 -5 . Coding sequences of the potato representative transcripts (version 3.4) are accessible at http:// potatogenomics.plantbiology.msu.edu (accessed 30 Aug. 2012) while coding sequences of A. thaliana are available at ftp://ftp.arabidopsis.org/home/tair/Proteins/TAIR10_ protein_lists/TAIR10_pep_20110103_representative_ gene_model. Arabidopsis thaliana expression data from ABA, salt, heat, and osmotic (mannitol) treatments (Zeller et al., 2009 ) and differentially expressed (DE) genes (P < 0.05) were obtained from http://cbio.mskcc. org/public/raetschlab/user/zeller/tiling_arrays/stress_ data/expression_data (accessed 30 Aug. 2012).
Gene ontology annotation was performed with InterProScan software (version 4.6) (Hunter et al., 2009; Quevillon et al., 2005) . Statistical significance of Gene Ontology (GO) term overrepresentation was determined using the hypergeometric test with a FDR multitest correction using the R package topGO (Alexa and Rahnenführer, 2010).
Results and Discussion
We examined gene expression patterns in a set of 10 treatments of DM plants that were subjected to different stress treatments: abiotic stress (heat, salt, and mannitol), hormone (ABA, BAP, GA 3 , and IAA), and biotic stress (P. infestans, BTH, and BABA). DL-β-amino-n-butyric acid and BTH, synthetic analogs of jasmonate and salicylic acid, respectively, were used as elicitors to activate chemical defense against pathogens (Table 1) . Jasmonate and salicylic acid induce defense responses in plants similar to those of pathogen infection including P. infestans (Thakur and Sohal, 2013) . The analyses were performed on a set of 19,704 high-confidence transcripts as described previously (Massa et al., 2011) . Levels of expression are reported in FPKM, a normalized unit that allows the comparison both within and between samples (Trapnell et al., 2010) . The term "high-confidence," as used here, defines those transcripts that were identified as having a FPKM value ≥0.001 and a FPKM 95% confidence interval lower boundary greater than zero (Massa et al., 2011) .
To detect gene expression changes associated with stress responses, we conducted pairwise comparisons of each treatment with its corresponding control (see Materials and Methods). A gene was considered DE if an observed change in expression level was statistically significant. Pairwise comparisons and statistical tests were performed using the Cuffdiff algorithm with the default After filtering using the two criteria as described above, that is, a fragments per kilobase pair of exon model per million fragments mapped (FPKM) 95% confidence interval lower boundary greater than zero and FPKM value ≥ 0.001 (Massa et al. 2011) .
parameters (Trapnell et al., 2010) . The number of pairwise comparisons in our experiments ranged from 17,422 in heat-treated tissue to 19,651 in GA 3 -treated tissue, with an average of 18,466 (Table 1 ). These data suggest that the number of significant tests was independent of the number of pairwise comparisons and of the number of expressed genes in either the treatment or control sample (Supplemental Fig. S4) . Overall, the analysis showed that about 37% (7284) of the genes were DE (Table 1) in at least one comparison of stress to control tissue. Nearly 50% of these genes were DE in two or more experiments while the other 50% of genes were detected as DE in a single experiment, indicating condition-restricted expression. Furthermore, stress-inducible genes, known to function in stress tolerance (e.g., late embryogenesis abundant [LEA] proteins, chaperones, proteases) or involved in the regulation of gene expression (e.g., transcription factors, protein kinases, F-box proteins) were identified among genes with a FPKM value ≥1 and a log 2 fold change ≥1 (Supplemental Tables S2 and S3 ).
To provide insight into their biological function, we classified the DE genes according to GO terms to determine if specific molecular function ontologies were overrepresented (Supplemental Tables S3 and S4) . Using a hypergeometric test and a threshold of FDR of 0.05 as a criterion for statistical significance, GO clustering analyses revealed significant enrichment for molecular function ontologies related to both abiotic and biotic stresses (Supplemental Tables S4 and S5 ). The two most common GO terms among the upregulated genes were associated with peptidase inhibitor activity (GO:0030414 and its child term endopeptidase activity, GO:0004866) and enzyme regulator activity (GO:0030234) (Supplemental Table S4 ). Overrepresentation of proteins with peptidase inhibitor activity, as observed here for cysteine and serine protease inhibitors (Kunitz_legume PF00197) (Supplemental Table S3 ), is consistent with what is known about regulation of proteolytic activity under abiotic and biotic stresses (Habib and Khalid, 2007) . It is therefore not surprising that these two GO terms were significantly overrepresented in the pool of DE upregulated genes common to abiotic, biotic, and hormone stress treatments (Supplemental Table S4 ). A complete list of DE genes associated with statistically significant GO terms is listed in Supplemental Tables S6 and S7. Overlap between abiotic, biotic, and hormone treatments indicated that hormone (ABA, BAP, IAA, and GA 3 ) and abiotic (heat, mannitol, and salt) stress responses share relatively more DE genes with each other than each does with the biotic (P. infestans, BABA, and BTH) stress group. These results were observed in both up-and downregulated genes (Fig. 1) . Gene Ontology enrichment analysis of genes in the overlap between abiotic and hormone treatments identified 17 molecular function ontologies significantly overrepresented (Supplemental Table S8 ). Among the upregulated genes, DNA binding and transcription factor activity were enriched for stress-responsive transcription factor domains such as APETALA2 (AP2)/ethylene-responsive element binding factor (ERF) (PF00487), nonapical meristem (NAM) domain (PF02365), and DNA-binding WRKY (PF03106) (Supplemental Table S9 ). To further understand the degree of gene expression overlap, we created a matrix in which each cell represents the overlap between two profiling experiments as defined by the shared number of DE genes ( Fig. 2; Supplemental Table S10 ). For example, the matrix shows a set of 389 genes (18% of all distinct genes in the comparison) with significant increases in gene expression in both ABA and mannitol experiments. Together, these data indicate that similar genes and pathways are found under different stress stimuli, further suggesting a major role of hormone signaling pathways in abiotic stress responses, due in apart to ABA. The role of ABA in response to abiotic stresses such as drought and osmotic stress has been extensively documented (Fujita et al., 2011; Atkinson and Urwin, 2012) .
Transcription Factors
Plant transcription factors (TFs) play a central role in the regulation of gene expression in response to environmental stress. They are implicated in osmotic stress response via ABA-dependent or ABA-independent pathways as well as in plant defense pathways (Cutler et al., 2010; Finkelstein et al., 2002; Fujita et al., 2011) . The most common TFs in stress responses are members of the AP2/ERF proteins, basic region leucine zipper (bZIP) motif, CCAAT-binding factor (CBF/NF-Y), MYB and MYB-related proteins, NAM, ATAF1/2, and CUC2 (NAC) transcription factor, DNAbinding WRKY, and homeodomain-leucine zipper (HD-ZIP) proteins families (Hirayama and Shinozaki, 2010) . Over 700 (774 genes) of the 39,031 predicted genes in DM (Potato Genome Sequencing Consortium, 2011) were found to contain TF domains specific to these families (Supplemental Table S11 ). Nearly 53% of these transcription factors were expressed in one or more of the 10 stress conditions analyzed (no control treatments). Together, the three main TF domains that were expressed in stress conditions were members of the MYB/MYB-related (238 genes), AP2/ERF (210 genes), and NAC (111 genes) families followed by the WRKY bZIP, CBF/NF-Y, and HD-ZIP (Fig. 3) . Furthermore, based on our previous results of orthologous clustering of the predicted DM potato proteome with 11 plant genomes (Potato Genome Sequencing Consortium, 2011), these proteins are highly conserved among the Viriplantae. The three sole asterid-specific transcription factors differentially regulated upon stress treatment encoded transcription factors of the NAC and bZIP families, which are involved in osmotic stress response via ABA-dependent pathways (Fujita et al., 2011) . NACs, which are plant-specific TFs and bZIP proteins, are particularly important, as members of these two families are suggested to enhance drought and salt tolerance in plants (Hu et al., 2006; Huang et al., 2012; Mao et al., 2012; Nakashima et al., 2012; Xiang et al., 2008) .
Co-expression Analysis
We conducted a weighted gene co-expression network analysis (WGCNA) to identify correlation patterns of gene expression across RNA-seq samples (Langfelder and Horvath, 2008; Zhang and Horvath, 2005) . This method uses pairwise correlations between gene expression levels to construct co-expression networks and define modules of highly interconnected genes (Langfelder and Horvath, 2008) . Although co-expression does not necessary imply that genes are functionally related, it is likely that genes within a co-expression network have more similar functionality than those without similar expression profiles Stuart et al., 2003) . Weighted gene coexpression network analysis was performed on the three data sets separately. Each data set contained gene expression values from abiotic (salt, mannitol, and heat), biotic (P. infestans, BTH, and BABA), and hormone (ABA, BAP, IAA, and GA 3 ) experiments, including the control treatments. The overall analysis defined 37 coexpression modules containing 9198 genes, of which 50% (approximately 4600) were present in only one module. If co-expressed, these module-specific genes can indicate condition-specific responses (Supplemental Fig. S5A , S5B, S5C, S1, S2, and S3; Supplemental Tables S12, S13, and S14). For example, known pathogenesis related genes such as endochitinase (PGSC0003DMG400008797), PR1 (PGSC0003DMG400005109), and carbonic anhydrase (PGSC0003DMG400006957) as well as defense related genes such as WRKY DNA-binding protein (PGSC0003DMG400011271) and NAC domain protein (PGSC0003DMG400001223) were found only in module B5, which is specific to tissues challenged with P. infestans (Dellagi et al., 2000; Pandey and Somssich, 2009; Singh et al., 2002) (Fig. 4A ; Supplemental Table  S13 ). Carbonic anhydrase, in particular, has been suggested to play a role during incompatible interactions between Solanum spp. and P. infestans (Restrepo et al., 2005). Similarly, drought-responsive transcription factors of the families MYB (e.g., PGSC0003DMG400008337 and PGSC0003DMG400027157), ERF (PGSC0003DMG400013255), bZIP (PGSC0003DMG400007208), and CCCH-type zincfinger (PGSC0003DMG400003555) were unique to module A8, which is specific to mannitol treatment Singh et al., 2002) (Fig. 4B ; Supplemental Table  S12 ). Furthermore, based on their functional annotation, we found that, on average, 30% (2055) of the genes in modules have no known function. Together, these co-expression analyses provide a unique opportunity to place nonannotated genes in a functional context and infer their role in potato stress tolerance.
Gene sets with expression patterns specific to a particular abiotic, biotic, or hormone stimuli (e.g., genes in module A4, which were specific to salt stress responses) were further analyzed to determine if certain functional categories were overrepresented. In total, 50 molecular function ontologies were found to be significantly overrepresented in 6 of the 13 modules analyzed. They occurred in salt (A4), heat (A9), BTH (B7), BABA (B8), ABA (C15), and BAP (C16) modules (Supplemental Table  S15 ). Enrichment analyses also showed that several gene sets share common molecular function. For example, GO terms associated with hydrolase activity (e.g., GO:0004553 and GO:0016798) were overrepresented in both C15 (ABA) and B7 (BTH) modules. Similarly, binding of tetrapyrrole (GO:0046906 and child term GO:0020037), metal ion binding (GO:0046914), iron ions (GO:0005506), and oxidoreductase activity (GO:0016491) were overrepresented in both abiotic (A4 and A9) and hormone (C15 and C16) modules. Enrichment of oxidoreductase activity, tetrapyrrole binding, and iron ions has previously been reported in stress-general genes in A. thaliana, suggesting molecular response to multiple stresses (Swindell, 2006) .
Cross-Species Comparison between Potato and Arabidopsis thaliana in Response to Salt, Osmotic, and Heat Stress and Abscisic Acid Stimuli
To gain insight into conserved patterns of gene expression in response to abiotic stresses and hormone stimuli, we compared DM and A. thaliana expression data from ABA, salt, heat, and mannitol treatments using the abiotic stress data from the At-TAX online resource (Zeller et al., 2009) . The A. thaliana data comprised samples after 1 and 12 h of continuous stress treatments, including 200 mM NaCl (salt stress), 300 mM mannitol (osmotic stress), 100 μM ABA, and 30°C (heat stress) (Zeller et al., 2009) . Our approach was to identify DE genes in each species separately and then compare these genes in both species through orthology predictions to link gene expression profiles among evolutionary related proteins (Supplemental Fig. S6 ). To accomplish this, the predicted proteomes of both species were clustered into protein families using all-against-all BLASTP comparisons followed by the Markov cluster algorithm as implemented in OrthoMCL (Li et al., 2003) . The OrthoMCL clusters containing DM and A. thaliana genes were then used to obtain the DE orthologous genes from each species (Supplemental Fig. S6 ).
The analysis of 39,031 DM and 27,416 A. thaliana proteins defined 13,708 orthologous clusters, which included 10,547 gene families from both species and 3138 species-specific genes (1305 DM and 1833 A. thaliana genes) including lineage-unique gene families and singletons (Supplemental Fig. S6 ). Among the 3471 DM and 2105 A. thaliana OrthoMCL (Li et al., 2003) clusters containing DE genes, 476 were common to both species, with 277 (1194 genes) and 199 (710 genes) clusters containing up-and downregulated genes, respectively, in at least one of the stress conditions analyzed (Supplemental Fig. S6 ). In total, 614 DM and 613 A. thaliana genes were common DE orthologs. Of these, approximately 11% (69) of DM and 9% (55) of A. thaliana genes had no functional annotation (Supplemental Tables  S16, S17 , S18, and S19). Among the functionally annotated orthologs, we identified known stress-responsive genes such as LEA protein, uridine diphosphate-glucosyl transferase, heat shock proteins, genes involved in cuticle permeability such as CER1 (Kant et al., 2007) , and stress-responsive transcription factors of the bZIP, ERF/AP2, MYB, NAC, and WRKY families (Mao et al., 2012; Nakashima et al., 2012; Singh et al., 2002) (Supplemental Table S17 ). Genes encoding peroxidases, polygalacturonases, DEAD-box RNA helicases, and multicopper oxidases were common downregulated orthologs between the two species (Supplemental Table  S17 ). Downregulation of DEAD-box RNA helicases has been documented in salt, drought, and heat stress responses in A. thaliana (Kant et al., 2007; Kim et al., 2008) . Likewise, some members of the peroxidase gene family have been shown to be downregulated in a wide range of biotic and abiotic stresses (Mika et al., 2010) . Together, more than 60% of the conserved orthologs were common to at least two stress conditions suggesting the involvement in general stress response pathways. General stress-responsive genes are potential candidates for conferring plants multiple stress tolerance.
Our analyses further revealed evolutionary conservation of co-expressed genes. Eight percent of the potato common upregulated orthologs, that is, nearly 30 genes of the 356 common DE orthologs (Supplemental Fig.  S6 ) were co-expressed under abiotic stresses (modules A6 and A10 in Supplemental Fig. S5A ; Supplemental Table  S12 ) and ABA stimuli (module C15 in Supplemental Fig.  S5C ; Supplemental Table S14 ). These included zinc finger, AP2/ERF, and MYB domain-containing transcription factors (Supplemental Table S14 ). Likewise, 12 genes of the 346 A. thaliana common upregulated orthologs (Supplemental Fig. S6 ) were found to be co-expressed under drought and salt stresses (Kevin Childs, unpublished data, 2012) . Conservation of co-expressed genes provides additional evidence for co-regulation and strengthens the "guilt-by-association" inference of genes of unknown function (Ficklin and Feltus, 2011) .
Conclusions
High-throughput sequencing of RNA transcripts has become the preferred method for comprehensive transcriptome analysis. In our previous study of 32 DM RNAseq libraries, we demonstrated the value RNA-seq data analysis for identifying tissue-specific expression patterns and for defining transcriptional networks of major potato organs and developmental stages (Massa et al., 2011) . Here, we expanded this study to explore in-depth transcriptional profiles of stress related DM RNA libraries and provided a reference for potato stress responses to environmental factors. These results are supported by statistically significant differences in expression changes, highly interconnected genes in co-expression networks, and evidence of evolutionary conservation of stress responses to salt, osmotic, heat, and ABA stimuli.
We also demonstrate the value of gene co-expression network analysis for identifying modules of genes that are co-expressed in a specific stress condition or conditions. These analyses, along with the differential expression analyses, provide a set of candidate genes that can be used to further characterize potato stress tolerance to single or multiple environmental factors. Finally, our comparative analysis of gene expression patterns between DM and A. thaliana, two species separated by approximately 115 to 150 million years (Yang et al., 1999) , uncovered orthologs and defined a core set of evolutionary conserved genes at both the sequence and expression levels.
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